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Methods
Systematic review of worldwide published and unpublished HCV vertical transmission studies. Standardized diagnostic criteria were applied to minimize methodological differences, and transmission rates recalculated according to maternal
HCV viraemic and human immunodeficiency virus (HIV) infection status. Results
In all, 976 eligible infants from 28 studies were followed up sufficiently for recalculation of transmission rates. Overall transmission rates were less than 10% in 8/12 studies of HIV negative mothers, compared with 2/7 studies comprising at least 50% HTV-coinfected mothers. Rates from 409 viraemic mothers in 15 studies ranged from 0% to 41%, being less than 10% from HIV negative mothers in 6/13 studies and from HIV positive mothers in 1/6 studies. Nine studies measured maternal viraemia levels, with only 2/30 transmitting mothers having <10 6 copies/ml of HCV RNA. Eight transmissions were identified overall from non-viraemic mothers. Significant transmission rate variation remained after accounting for maternal viraemia and HIV coinfection, possibly due to differences in other vertical transmission risk factors, in frequencies of postnatal transmission, or residual differences in study methodologies. Conclusions Overall, HCV transmission is largely restricted to infants born to HCV viraemic mothers, and low risks among most HIV negative mothers may be due to lower HCV viraemia levels. International agreement on standardized diagnostic criteria for HCV vertical transmission would facilitate pooling of individual findings, to allow more precise transmission estimates and further investigation of risk factors. Keywords Hepatitis C virus, vertical transmission, review, HIV Accepted 13 June 1997
The risk of hepatitis C virus (HCV) infection following parenteral exposure is well established. Large studies of unselected pregnant women in Europe report relatively low HCV seroprevalence (<2%) when second or third generation ELISA are used with supplementary antibody tests. 5 " 7 Higher rates («9%) have been reported using similar assays on smaller numbers of pregnant women in the Middle East and sub-Saharan Africa, 8 "" and rates may be considerably higher among pregnant populations with parenteral risk factors.
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Concern about the public health importance of HCV has led to debate about the desirability of introducing HCV screening for antenatal or other populations, 13 ' 14 but further information is needed on the frequency of HCV vertical transmission before widespread HCV antenatal testing is initiated. A systematic review of worldwide published and unpublished research on HCV vertical transmission was therefore carried out to clarify the risks of vertical transmission from mothers with or without HCV viraemia or HIV infection and to highlight issues which might explain differences in transmission rates.
Methods

Data identification
Articles published between January 1990 and July 1996 were identified by computerized literature searches of Medline and Embase, using combinations of key and free text terms. No language restrictions were employed. Thirty journal titles were hand searched to identify recently published or unlisted articles, and references from all articles, reviews and relevant books were checked. Conference abstracts were identified by searching the British Library's Boston Spa Conferences database and the Index of Scientific and Technical Proceedings, supplemented by hand searching printed proceedings from relevant meetings. Unpublished information was sought by sending structured questionnaires to published authors, to six European antenatal centres previously identified as screening pregnant women for HCV infection, 15 and to four other centres known to be undertaking studies. Researchers were asked for unpublished details of previously published work, for updated or new findings, for clarification of duplicated data, and whether they were aware of any other unpublished research.
Data extraction/exclusion
Information extracted from each study included the numbers of mothers and infants studied, the diagnostic criteria used for maternal and infant HCV infection, maternal HCV viraemic status and HTV serostatus, duration and frequency of infant follow-up, and infant HCV RNA polymerase chain reaction (PCR) and antibody test results. Data excluded from further analyses comprised case reports, data duplicated in updated reports or collaborative studies, PCR test results on cord blood or on unspecified samples taken at birth, and mother-infant pairs with possible misdassified HCV infection status. The latter comprised individuals diagnosed solely by first generation, unsupplemented second generation or unspecified antibody assays, 16 and mothers whose infection status was determined after delivery. Studies with some ineligible mother-infant pairs were included if enough information was available to recalculate transmission rates to remaining infants.
Data analysis
Standardized diagnostic criteria were developed to reduce study heterogeneity due to the variety of definitions used for infant HCV infection and non-infection. Existing data on patterns of HCV infection markers in vertically exposed infants were analysed. (Thomas et a!., submitted for publication.) Infants were then categorized as infected, uninfected, probably uninfected or of indeterminate status. Infected infants (n^) were defined as any of the following: PCR positive on two or more separate occasions; antibody positive at 18 months or later; evidence of seroconversion (seroreversion followed by renewed seropositivity, or change in RTBA reactivity). Uninfected infants (n o ) were persistently PCR negative, but negative results before 6 months were considered insufficient to classify infants as uninfected. If there was no evidence of seroreversion, two negative PCR results at least 6 months apart (to exclude intermittent viraemia) from the age of 6 months were required; if antibody tests were used, seroreversion or loss of REBA-reactivity by 18 months, and if seroreversion occurred before 12 months confirmation of antibody negativity at least 3 months later or at least one PCR negative result from 6 months was also required. Probably uninfected infants (n p ) had a single PCR negative result from the age of 6 months without evidence of seroreversion, or two negative results less than 6 months apart without evidence of seroreversion, or had no PCR results and seroreverted before 12 months without a confirmatory negative sample 3 months later. Infants with indeterminate serostatus (n?) had a single PCR positive result at any stage of follow-up (as false positive results may be common), 17 ' 18 or were less than 18 months old with no evidence of seroreversion and either no PCR results or negative PCR test results before 6 months only. Transmission rates were recalculated for studies with sufficient information, obtaining up to three estimates. The best estimate was calculated from the number of infected, uninfected and probably uninfected infants, as (nj) -r (n ( + n o + n ). Minimum and maximum estimates were calculated by considering infants with indeterminate or probable infection status to be all uninfected for the minimum estimate, (nj) -=-(n ( + n o + n p + n?), or all infected for the maximum estimate (nj + n p + n?) -=-(nj + n o + n + n?).
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Consideration was also given to duration of infant follow-up. Exclusion from analyses of infants followed up for short periods may limit any over-or underestimation of transmission rates resulting from earlier identification of infected infants (in studies using PCR) or uninfected infants (in studies using antibody assays). However, use of a minimum follow-up period may introduce bias if follow up in any study related to HCV infection risk, for example if uninfected infants were followed only until seroreversion, but infants born to HIV-coinfected mothers (who may be more likely to transmit HCV) 3 were followed more intensely. Studies with sufficient information were therefore categorized into three groups. Group One comprised studies with follow-up protocols of at least 12 months, and mostly reported findings only for infants followed up for this minimum period; transmission rates were calculated after excluding infants with shorter follow-up. Croup Two comprised studies where the follow-up protocol was unclear, and some infants were followed for less than 12 months. Where PCR was used, analyses were restricted to infants followed for at least 6 months, to minimize potential biases. Where antibody assays were used alone, minimum follow-up of 18 months was used, but consideration was given to findings for infants with shorter follow-up. Longerterm risks of persistent infection were estimated in Group Three studies, which initiated follow-up of most infants after the first 12 months.
Exact 95% confidence intervals (CI) for vertical transmission rates were derived using the binomial distribution. Transmission rates were calculated separately according to maternal HCV viraemic status and HIV serostatus for those studies with available information and a total of 10 or more infants, and differences . f Not all mothers tested. 8 Assumes two excluded mothers had one Infant each in these rates within individual studies were assessed using Yates' corrected x 2 ar >d Fischer's exact tests. Heterogeneity in study findings was assessed with exact likelihood ratio tests and Montecarlo inference, using the StatXact software package (1989, 1991, Cytel Software Corporation).
References to unpublished data
Unpublished data are referenced in the text as 'up' and a number which corresponds to that in the list of contributors (see Acknowledgements).
Results
A total of 116 published and unpublished reports were identified. Data were clarified or updated for 24 previously published studies or conference abstracts, "P (Table available on request) . Numbers in the 51 remaining studies ranged from 4 to 116 infants, with reported transmission rates of 0-100%. In 18 studies there was insufficient detail on individual mothers or infants to recalculate transmission rates (Table available on request) . 4 ' 25 " 38 " 1 " 11 ? 9 -20 Standardized diagnostic criteria were applied to 33 studies, four of which followed less than two eligible infants for the minimum period, 39 " 42 and one of which used an unspecifled ELJSA assay for infants who were PCR tested at 3 months only. 43 The remaining 28 studies comprised 13 Group One studies, 3 (a total of 976 eligible infants sufficiently followed up). Table 1 and Table 2 summarize Group One and Group Two studies, with details of maternal HIV infection and HCV Using antibody assays only viraemia, the number of infants assigned to each diagnostic category, and transmission rate estimates. A total of 81 motherinfant pairs were ineligible because mothers were classified as infected solely on the basis of second generation ELJSA positivity 6 ' 48 ' 51 ' 55 ' 585963+up6 or because it was unclear whether maternal serostatus was determined before delivery. 63 These excluded pairs included seven mothers who transmitted infection to their infants. 6 58+u P 6 Only three of the 11 studies of HIV negative mothers had 'best' transmission rates of greater than 10%, 4555+upl one of which selected only HCV viraemic women.
Overall transmission rates
upl The one relatively small study of HIV negative mothers documenting more than 20% transmission gave no details of selection criteria. 45 In the six Group One studies which included HIV coinfected mothers, there was a near consistent trend to increasing HCV transmission with rising prevalence of maternal HTV infection (P < 0.0001, y} for trend), from 0% in a maternal population with 4% HIV coinfection to an estimated 40% where all mothers were HTV infected. 52 53+u P 3 ' 4 There was less evidence of a trend among the Group Two studies (although sample sizes were small), and one study documented 100% transmission, with PCR positivity documented at least once in all five infants included in analyses, and in all three excluded infants with shorter follow-up. 61 One Group Two study used antibody serostatus alone to determine infant infection ( Table 2) . 65 Only 63% (15/24) of infants were eligible using a minimum follow-up of 18 months, and 7/9 excluded infants with shorter follow-up also seroreverted.
Infection rates in Group Three studies were all less than 10%, despite high prevalence of maternal HIV coinfection in two studies (Table 3 ). Figure 1 summarizes 'best' transmission estimates from HCV viraemic mothers with and without HIV infection, from the 15 larger Group One/Two studies with sufficient information. Maternal viraemic status was assessed at delivery in most studies which reported timing of tests. Transmission estimates ranged from 0% to 42%, with less than 10% transmission from HIV negative mothers in 6/13 studies and from HIV positive mothers in 1 /6 studies. There was significant variation in study findings in both maternal HIV groups (P < 0.001 and P= 0.01 respectively), and summary estimates were not calculated. Within three of the four studies which comprised both HIV positive and negative viraemic mothers, 'best' transmission estimates were higher among the HTV coinfected women (Figure i) , 3 ' 50 -51 although this difference only reached statistical significance in the largest study (P< 0.001)}
Viraemic mothers
Level of maternal viraemia
Nine studies (six from Groups One/Two and three others) were identified which measured levels of maternal HCV viraemia, using a variety of techniques ( Only two of the 30 viraemic woman who transmitted infection (by researchers' own diagnostic criteria) had viraemia levels of <10 6 copies/ml. 55 Transmitting mothers in two studies were those with the highest levels of viraemia, 23 '" and four studies reported higher average viraemia levels in transmitting versus non-transmitting mothers, 3 ' 4 ' 55 -57 although a significant difference was only reported in one study. 4 Two studies investigated levels of HCV viraemia according to maternal HIV serostatus, one of which reported significantly higher viraemia levels among 18 HTV coinfected mothers (7-8 of whom transmitted HCV) compared with 10 HTV negative mothers, 3 whereas the other (using a semi-quantitative assay) found no significant association between maternal HIV serostatus and viraemia levels in 27 non-transmitting mothers. 6 One study reported lower CD4 
Discussion
After adopting standardized diagnostic criteria, HCV transmission was (1) less than 10% overall in most unselected HIV negative pregnant populations, (2) higher in a number of studies which included HTV coinfected mothers, and (3) largely restricted to women with demonstrable HCV viraemia during pregnancy or delivery. Findings of a limited number of studies suggest that transmission risks increase with increasing maternal viral load, with transmissions almost entirely confined to those with viraemia levels of s»10 6 copies/ml. Coiniection with HIV may result in increased maternal HCV viraemia, possibly operating via HTV-induced immunosuppression, 68 ' 69+up3 although not all studies have demonstrated an association between levels of HCV viraemia and CD4 counts. 70 - 71 The higher levels of viraemia Table 2 . c Information on breastfeeding available for 74 Infants.
' A total of five infants were PCR+ve on a single occasion.
and/or higher HCV transmission rates among HTV coinfected mothers rarely reached statistical significance within individual studies, but sample sizes were often small. Variation between studies in overall transmission rates may therefore be partly attributable to differences in the proportion of mothers selected with HCV viraemia or HIV infection.
Transmission from non-viraemic mothers appears to be very uncommon. The eight non-viraemic mothers who transmitted infection may have been misdassified as a result of HCV RNA degradation in stored maternal serum samples. 72 However, HCV infected pregnant women may have intermittent viraemia, 54 and one of the eight non-viraemic mothers was viraemic earlier in pregnancy. 5 
P
6 These mothers may therefore have transmitted infection whilst temporarily viraemic.
Significant differences in transmission rates remained after accounting for maternal viraemia and HIV infection status, and summary estimates were not carried out. This ' 53 or no significant difference in transmission rates between breastfed and non-breastfed infants (Table 5) . 45 57u P 2 ohto et al. found that infected infants were breastfed for longer than non-infected infants, but this difference did not reach statistical significance. 77 Group Three studies may have included a higher proportion of postnatally infected children, although they may also have missed some early resolving infections. The findings of these studies, and of two large studies of children bom to women infected via contaminated anti-D immunoglobulin (excluded from analyses due to uncertainty about maternal HCV serostatus before delivery) 78 ' 79 suggest that the overall postnatal infection risk for children born to HCV infected mothers is low.
Thirdly, there may have been remaining variation in study methodologies after applying standardized diagnostic criteria and minimum follow-up periods. Reliability of PCR can be poor, 18 ' 80 which may be particularly relevant in studies which tested infants infrequently. Most Group One studies gave little information on children lost to follow-up, and some losses may have related to infant HCV infection. Exclusion of infants with less than 6 months follow-up in Group Two studies was a compromise between two conflicting sources of bias.
Comparability of studies could be increased by standardizing PCR methodologies. 80 Further information is also needed on the temporal patterns of serum HCV infection markers in vertically exposed infants, to inform development of diagnostic criteria. The definitions used in these analyses were adopted to facilitate comparison of study findings, but were not intended to be definitive. For example, women diagnosed solely with ELJSA assays may be truly infected and transmit infection to their infants, 6 ' 58+up6 and the predictive value of a PCR negative result at 3 months may be sufficient to classify infants as 'uninfected' in low risk populations (Thomas etal., submitted for publication). Some infants classified as 'probably uninfected' could easily be classified as 'uninfected'. However, these areas of uncertainty would have made little difference to 'best' transmission risk estimates for most studies.
If international consensus were reached on diagnosis of HCV vertical transmission, standardized definitions could be adopted. This would facilitate pooling of individual study findings, to allow more precise estimates of transmission risks and clarify the role of a number of risk factors (including breastfeeding). However, other research is needed to inform the debate on HCV antenatal testing, 13 ' 14 such as the seroprevalence of HCV infection among antenatal populations (including frequency of HCV viraemia and HTV coinfection), the potential benefits for pregnant women in knowing their HCV serostatus, and the natural history of HCV infection and the efficacy of treatments in perinatally infected children. Widespread antenatal HCV testing can only be considered once all these factors have been taken into account. 
